Abasic (AP) sites represent one of the most frequently formed lesions in DNA, and they present a strong block to continued synthesis by the replicative DNA polymerases (Pols). Here we determine the mutational specificity and the genetic control of translesion synthesis (TLS) opposite an AP site in yeast by using a double-stranded plasmid system that we have devised in which bidirectional replication proceeds from a replication origin. We find that the rate, the genetic control, and the types and frequencies of nucleotides inserted opposite the AP site are very similar for both the leading and the lagging DNA strands, and that an A is predominantly inserted opposite the AP site, whereas C insertion by Rev1 constitutes a much less frequent event. In striking contrast, in studies that have been reported previously for AP bypass with gapped-duplex and single-stranded plasmids, it has been shown that a C is the predominant nucleotide inserted opposite the AP site. We discuss the implications of our observations for the mechanisms of TLS on the leading versus the lagging DNA strand and suggest that lesion bypass during replication involves the coordination of activities of the replicative Pol with that of the lesion-bypass Pol.
Abasic (AP) sites represent one of the most frequently formed lesions in DNA, and they present a strong block to continued synthesis by the replicative DNA polymerases (Pols). Here we determine the mutational specificity and the genetic control of translesion synthesis (TLS) opposite an AP site in yeast by using a double-stranded plasmid system that we have devised in which bidirectional replication proceeds from a replication origin. We find that the rate, the genetic control, and the types and frequencies of nucleotides inserted opposite the AP site are very similar for both the leading and the lagging DNA strands, and that an A is predominantly inserted opposite the AP site, whereas C insertion by Rev1 constitutes a much less frequent event. In striking contrast, in studies that have been reported previously for AP bypass with gapped-duplex and single-stranded plasmids, it has been shown that a C is the predominant nucleotide inserted opposite the AP site. We discuss the implications of our observations for the mechanisms of TLS on the leading versus the lagging DNA strand and suggest that lesion bypass during replication involves the coordination of activities of the replicative Pol with that of the lesion-bypass Pol.
DNA replication ͉ translesion DNA synthesis A basic (AP) sites arise in DNA as a result of spontaneous depurination and from the action of base excision-repair processes, where the removal of a damaged base by a DNA glycosylase produces an AP site (1, 2) . It has been estimated that a mammalian cell loses as many as 10 4 purines per day (3) . Although AP sites are removed from DNA by the action of AP endonucleases and by nucleotide excision repair, AP sites that remain in DNA undergoing replication present a block to continued synthesis by the replicative polymerases (Pols). Replication through the AP sites, however, can be mediated by the action of translesion synthesis (TLS) DNA Pols or could occur by other means, such as a copy-choice type of DNA synthesis or recombination.
Because an AP site lacks a base, it is the ultimate noninstructional DNA lesion, and any replication through it would be highly mutagenic. In both prokaryotes and mammalian cells, an A is predominantly inserted opposite the AP site, and biochemical studies have shown that replicative Pols from prokaryotes as well as eukaryotes preferentially insert an A opposite it (4-10). In addition, NMR studies have indicated that DNA containing an A opposite the AP site retains all aspects of B-form DNA, and both the unpaired A and AP residue lie inside the helix (11) (12) (13) . These observations have led to the formulation of an A rule, which posits that DNA Pols preferentially insert an A opposite a noninstructional DNA lesion, such as an AP site, because that confers the least amount of helix distortion (14) .
In striking contrast to the observations that have been made with prokaryotes and mammalian cells and with their replicative Pols, genetic studies in Saccharomyces cerevisiae have indicated that a C is preferentially incorporated opposite an AP site, and it has been suggested that yeast cells differ from others in the adoption of a C rule instead (15) . The experiments supporting such a conclusion for yeast have used a gapped-duplex plasmid, in which an AP site was located within a 28-nt single-stranded region (15, 16) . More recently, experiments with a singlestranded vector containing a site-specific AP site have provided additional support for this conclusion (17) . Because C incorporation opposite the AP site is abrogated in rev1⌬ cells, Rev1 carries out the incorporation in these plasmid systems (16, 17) .
However, because the means by which TLS operates opposite the AP site carried on a gapped-duplex or a single-stranded plasmid versus that in replicating DNA could differ in important ways, we have devised a double-stranded plasmid system where bidirectional replication ensues from a yeast replication origin and where the mutational specificity and the genetic control of TLS can be analyzed for the leading versus the lagging DNA strand. By using this plasmid system, we show here that an A is preferentially incorporated opposite the AP site on both the DNA strands and that C insertion by Rev1 is a much less frequent event. Rev1, however, plays an important structural role in the TLS process. Additionally, we provide evidence for the requirement of Pol and Pol32 and for ubiquitination of PCNA at its lysine 164 residue. These observations have an important bearing on the means by which TLS operates during replication, and they suggest the existence of underlying differences in the mechanisms that control TLS during replication versus that which takes place during the nonreplicative modes of synthesis.
Results

A Double-Stranded Plasmid System for the Study of TLS in Yeast Cells.
Rev1's DNA Pol activity has been shown to make a major contribution to TLS opposite an AP site carried on a singlestranded plasmid or on a gapped circular plasmid. In these studies, the frequency of a C insertion opposite the AP site has varied from 60-90%, with the remainder being A insertions, and all of the C insertions were found to be Rev1-dependent (15) (16) (17) . However, because DNA synthesis on the gapped and singlestranded plasmids could differ in important ways from bidirectional synthesis originating from a replication origin, we constructed the double-stranded plasmids, pVP9/15 and pVP10 /16 , with which we could analyze TLS through a site-specific AP site in the leading and the lagging DNA strands, respectively (Figs. 1 and 2). Both plasmids carry a yeast replication origin, autonomously replicating sequence (ARS1), and the TRP1 gene that selects for transformants that replicated the AP site-containing DNA strand, regardless of whether AP bypass occurred by TLS or by any other mechanism, such as a copy-choice type of synthesis or recombination. The AP site is present in a heteroduplex leader sequence that we inserted in the URA3 gene at its 5Ј end in two different orientations, thus presenting the AP site on the leading or the lagging DNA strand during replication (Fig.  2) . Because the AP site-containing strand of the heteroduplex is in frame with the URA3 gene, cells harboring plasmid resulting from replication through the AP site by TLS are Ura plus (Fig.  2) . The DNA strand opposite from the AP site, however, harbors an SpeI site and a plus 1 frameshift in the leader sequence of the URA3 gene that inactivates the URA3 gene (Figs. 1B and 2) . Hence, cells harboring plasmid resulting from replication of the SpeI-containing strand or resulting from any non-TLS-mediated replication of the AP site-containing strand, such as by copychoice DNA synthesis using the SpeI strand, will not be recovered when cells are plated on medium lacking uracil. Thus, the plating of transformants on synthetic complete medium lacking tryptophan (SC-trp) selects for all of the plasmids resulting from the replication of damaged plasmid, whereas plating transformants on SC-trp lacking uracil (SC-trp-ura) selects for plasmids that underwent TLS through the AP site (Fig. 1B) .
To limit the possibility of the AP site present on the plasmid from being removed by the AP endonucleases before going atg GGA TCC CGT ACTAGTT GCT TCC TGC AGT CCC tcg aaa tac CCT AGG GCA TGATCAA CGA AGG ACG TCA GGG agc ttt atg GGA TCC CGT ACTAGTT GCT TCC TGC AGT CCC tcg aaa tac CCT AG ACG TCA GGG agc ttt Fig. 1 , the URA3 lead and URA3 lag genes are in frame and active. In pVP9/15, the AP-containing oligonucleotide is inserted in the bottom strand (indicated by underline), which corresponds to the leading strand. In pVP10/ 16, the AP-containing oligonucleotide is inserted in the top strand (indicated by underline), which corresponds to the lagging strand.
gapped-duplex plasmid, this plasmid as well as the two linear forms are not recovered. The resulting plasmid, pVP9/15, has the AP site located on the leading strand. The other plasmid, pVP10/16 (data not shown), was constructed in the same way; in this plasmid, however, the AP site is located on the lagging strand (see Fig. 2 ). (B) In vivo TLS assay. The plasmid pVP9/15 or pVP10/16 was introduced into yeast cells by electroporation. A portion of the resulting transformants was plated on SC-trp to select for the events resulting from the replication of the damaged strand (including TLS and copy-choice mechanisms). Another portion of the transformants was plated on SC-trp-ura to select for clones arising only from TLS events. The TRP1 gene was changed by introducing a Ϫ1 frameshift and a stop codon (underlined T) at position plus 39 of the TRP1 ORF as shown, and the sequence of the AP-containing 16-mer also is shown. (C) Analysis of TLS events by restriction enzyme analyses. Ura plus clones were analyzed by PCR amplification of the URA3 gene and by digestion of the PCR product with restriction enzymes. A, C, and G insertions generated, respectively, MfeI, BsrDI, and BsiWI restriction sites. If none of these enzymes was able to cut, in that case, the PCR product was sequenced. Because the AP-containing oligonucleotide cannot be inserted into the other through the replication fork, we used an apn1⌬ apn2⌬ yeast strain where both the AP endonuclease genes have been deleted. Additionally, the strain carries the msh2⌬ mutation to prevent the removal of the mismatch loop created by the SpeI site (see Fig. 1B ). Because mismatch repair proteins act in the removal of mismatched nucleotides from the newly synthesized DNA strand and will be ineffective opposite an AP site, we expect the mismatch repair deficiency to have no effect on TLS opposite this DNA lesion. All of the experiments described here with various yeast strains were done in this apn1⌬ apn2⌬ msh2⌬ genetic background. For the sake of simplicity, the apn1⌬ apn2⌬ msh2⌬ mutant strain is referred to as wild type because it is wild type with respect to TLS. Yeast cells were transformed with the AP site-containing heteroduplex plasmid, and the ratio of Trp plus Ura plus versus Trp plus transformants, which reflects the frequency of TLS events, was determined.
TLS on the Leading and the Lagging DNA Strands in Wild-Type Yeast
Cells. For both the DNA strands, we find that TLS opposite the AP site in wild-type cells occurs with a frequency of Ϸ6%, which would suggest that the large majority of bypass events opposite the AP site are carried out by processes other than TLS, such as those involving template switching and a copy-choice type of DNA synthesis or by recombination. Interestingly, we find that an A is predominantly inserted opposite the AP site on both the leading and the lagging DNA strands. Overall, the pattern and frequencies with which different nucleotides are inserted opposite the AP site are very similar for the two strands, with A insertion being 66%, C insertion 25%, and G and T insertions being much less frequent, accounting for 8% and 1% of the TLS events, respectively ( Table 1) .
Contributions of DNA Pols , Rev1, and to TLS. The frequency of TLS for both the leading and the lagging DNA strands declines in the rev3⌬ and rev7⌬ strains to Ϸ10% of that observed for the wild-type strain, indicating that Pol is indispensable for AP bypass. The requirement for Rev1, however, is not as absolute as for Pol because the TLS frequency for both the strands was reduced by Ϸ60% in the rev1⌬ strain compared with the Ϸ90% reduction seen in the rev3⌬ or rev7⌬ strains. Pol, in contrast, appears to make little contribution to TLS opposite the AP site because the incidence of TLS was not reduced in the rad30⌬ strain (Table 1) . Because Pol is expected to function at the extension step of TLS (18) (19) (20) (21) and because this yeast Pol is the only one known to efficiently extend from the nucleotides inserted opposite the AP site (18) , the residual TLS of Ϸ10% in the rev3⌬ or rev7⌬ cells would suggest that some other Pol can carry out extension in the absence of Pol. Also, because an A or a C is still incorporated in the rev3⌬ or rev7⌬ cells, we presume that this other Pol can extend from an A or a C opposite from the AP site. Although Pol is highly inefficient at both the insertion and extension steps of AP bypass (22) , nevertheless, we examined whether, in the absence of Pol, Pol could support the extension reaction. However, because an A or a C was still incorporated opposite the AP site in the rad30⌬ rev7⌬ strain, we assume that a Pol other than Pol performs the extension reaction in the absence of Pol (Table 1) .
Previous studies indicating that the incidence of methyl meth- anesulfonate (MMS)-induced can1 r mutations in apn1⌬ apn2⌬ yeast cells was greatly reduced in the absence of Rev1 as well as Pol suggested that Rev1 was required for Pol-dependent TLS opposite the AP sites (23) . This requirement of Rev1 for TLS, however, is likely to have resulted from a noncatalytic role of Rev1 because the inactivation of Rev1 DNA Pol function was found to have no significant effect on MMS-induced mutagenesis in the apn1⌬ apn2⌬ strain (18) . With our duplex plasmid system, it is now possible to directly examine the contributions of the catalytic versus the noncatalytic roles of Rev1 in AP bypass. We find that the frequency of a C insertion is reduced in the rev1⌬ strain to Ϸ10% compared with Ϸ25% in the wild-type strain (Table 1) . Importantly, and by contrast to the large reduction in TLS frequency seen in the rev1⌬ mutation, we find that the inactivation of Rev1 DNA Pol function has no significant effect on the TLS rate, although the frequency of a C insertion is reduced to Ϸ1% (Table 1) . From these observations, we infer that Rev1 contributes to TLS opposite an AP site primarily in a noncatalytic manner, and although its DNA Pol activity is used, it is not required. Furthermore, although C insertion is almost completely inhibited upon the inactivation of Rev1 DNA Pol function, but the TLS frequency is not affected, we interpret this observation to further suggest that Rev1 acts primarily as an indispensable structural element for promoting Pol function in TLS (24) .
Requirement of Pol32. Pol32, a nonessential subunit of Pol␦, is indispensable for Pol-dependent, damage-induced mutagenesis. Thus, the level of UV-induced mutations in the pol32⌬ strain and the level of MMS-induced mutations in the apn1⌬ apn2⌬ pol32⌬ strain are greatly reduced (18, 25) . With the plasmid system, we find that on both the leading and the lagging DNA strands, TLS in the pol32⌬ strain was reduced to Ϸ8% of the wild-type level, indicating that the requirement of Pol32 is as critical as that for Pol.
Although TLS was affected to the same degree in the pol32⌬ strain as in the rev3⌬ or rev7⌬ strains, the total number of Trp plus plasmids that were recovered from the pol32⌬ strain was greatly reduced compared with that in the rev3⌬ or rev7⌬ strains. For example, compared with a total of Ϸ3,800 Trp plus plasmids that were recovered from the rev3⌬ strain, of which Ϸ150 were Ura plus (Ϸ0.4%), only Ϸ140 Trp plus plasmids were recovered from the pol32⌬ strain, of which only 6 were Ura plus (Ϸ0.4%). Thus, although the pol32⌬ mutation retains viability, we assume that it has an adverse effect on plasmid replication, and such an inference is further supported from our observation of the greatly reduced recovery of nondamaged control plasmid from pol32⌬ cells. Because of the small numbers of Ura plus plasmids, we have been unable to deduce with any reasonable certainty the frequencies with which nucleotides other than an A are inserted opposite the AP site in the pol32⌬ strain (data not shown).
Requirement of PCNA Ubiquitination. In DNA-damaged yeast cells, proliferating cell nuclear antigen (PCNA) becomes monoubiquitinated at its lysine 164 residue in a Rad6-Rad18-dependent manner. Subsequently, this PCNA residue is polyubiquitinated in a reaction that depends on the Mms2-Ubc13 ubiquitinconjugating enzyme and on Rad5, which functions as a ubiquitin ligase (26) . From genetic studies in yeast, it has been inferred that PCNA monoubiquitination is a prerequisite for TLS mediated by Pol and Pol, and PCNA polyubiquitination is important for Rad5/Mms2/Ubc13-dependent postreplication repair (26) (27) (28) .
To determine the requirement of PCNA ubiquitination for TLS opposite the AP site, we examined the effect of the pol30-119 mutation, in which the lysine 164 residue of PCNA has been changed to arginine (27) and which thus lacks the ability for ubiquitination at this residue. For both the leading and the lagging DNA strands, in the absence of PCNA ubiquitination, the TLS frequency was reduced by Ϸ85%, and the A and C residues were inserted opposite the AP site with a frequency of Ϸ90% and 10%, respectively (Table 1) .
Discussion
Here, we have devised a plasmid system in which TLS opposite an AP site during bidirectional replication can be examined for both the leading and the lagging DNA strands. By using this plasmid system, we have made the following observations: (i) the rate, genetic control, and types and frequencies of nucleotides inserted opposite the AP site are very similar for the leading versus the lagging DNA strand; (ii) PCNA ubiquitination is indispensable for TLS on both the DNA strands; (iii) an A and not a C is the predominant nucleotide inserted opposite the AP site on both of the DNA strands; (iv) although Pol as well as Rev1 are required for TLS, the DNA Pol activity of Rev1 is dispensable for TLS opposite the AP sites; and (v) Pol32 is required for TLS on both of the DNA strands. We consider the possible implications of these observations for the coordination of TLS with the progression of the replication fork on both of the DNA strands.
In eukaryotes, there is little information available on how DNA lesions on the leading versus the lagging strand template are handled by the different lesion-bypass processes. From studies of replication products of SV40 DNA in UV-irradiated monkey and human cells (29, 30) , it has been inferred that a UV lesion located on the template for the leading strand severely blocks replication fork movement, whereas a UV lesion on the lagging strand template does not significantly impede the growing fork, but only inhibits the completion of the nascent Okazaki fragment (29) . Analyses of replication products from human cell-free extracts replicating SV40-derived plasmids have added further evidence that a site-specific T-T dimer when placed in the template of the leading strand presents a severe block to the synthesis of the leading strand, whereas a T-T dimer on the lagging strand causes little inhibition of replication fork progression, but a small gap is left in the lagging strand, which presumably results from the inhibition of Okazaki fragment completion (31) (32) (33) . UV lesions in yeast cells also inhibit the synthesis of the leading strand, whereas the lagging strand synthesis is not inhibited (34) .
On the bases of these noted studies with yeast and human cells, one might have expected the contribution of TLS mechanisms to lesion bypass on the two strands to differ. Because a lesion on the leading strand template is highly inhibitory to replication fork progression, TLS might have been primarily consigned to promoting lesion bypass on this strand because the coordination of a proficient TLS mechanism with the replication ensemble could conceivably be more effective in maintaining the continued progression of the replication fork than the alternative processes of template switching and copy-choice type of synthesis. For a lesion on the lagging strand template, however, the gap remaining in the Okazaki fragment opposite the lesion site could subsequently be filled in by processes other than TLS, such as by transient template switching and a copy-choice type of synthesis, without adversely affecting the fork progression. Hence, one might have expected TLS to occur more frequently on the leading strand than on the lagging strand. Our observations, however, indicate that TLS occurs with nearly equal frequencies on the two DNA strands. Furthermore, our observation that PCNA ubiquitination is equally important for TLS on the leading and the lagging DNA strands implies that this PCNA modification is necessary for promoting the access of the TLS Pols to the replication ensemble on both the DNA strands. Such a requirement of PCNA ubiquitination for TLS on the lagging strand, however, is difficult to reconcile with the model where the filling-in of the gap via TLS occurs after the replication ensemble has moved away from the damage site. Ubiquitination of PCNA in the absence of the replication ensemble would then serve no purpose unless one were to assume that this PCNA modification was needed for the binding of TLS Pols to PCNA at the gap site, which clearly is not the case (35, 36) . Hence, from our observations of the similar rates and genetic control of TLS on the leading and the lagging DNA strands, we suggest that, during replication, similar TLS mechanisms operate on both of the DNA strands.
Also, we note that the requirement of PCNA ubiquitination for TLS opposite from a single lesion site in our plasmid system in the absence of any DNA-damaging treatment strongly suggests that, during replication, the stalling of the replicative Pol at a lesion site is sufficient to generate the signal for Rad6-Rad18-dependent PCNA ubiquitination and that a threshold level of DNA damage is not necessary for this PCNA modification to occur.
Whereas C is the predominant nucleotide inserted by Rev1 opposite the AP site located on a gapped-duplex or a singlestranded plasmid, we find that an A is the predominant nucleotide inserted opposite the AP site. From these observations, we infer that TLS operates by different means during replication versus that occurring during the synthesis reactions on gapped plasmids or on single-stranded plasmids. Although Pol is indispensable for TLS opposite the AP site during replication as well as during repair synthesis and other nonreplicative synthesis reactions, the Rev1 polymerase activity is dispensable for TLS during replication, but Rev1 protein is still needed for TLS as a structural element for Pol. In the paragraph below, we consider the possible implications of different nucleotide-insertion patterns that occur in TLS during the replicative versus the nonreplicative modes of DNA synthesis.
Yeast cells have three major TLS Pols: , Rev1, and . Of these Pols, Pol is highly inefficient at both inserting a nucleotide opposite the AP site and extending from the nucleotide inserted (22) . In keeping with these biochemical observations, we find no significant contribution of Pol to AP bypass on either of the DNA strands. Although Rev1 can proficiently insert a C opposite an AP site (37, 38) , it does not extend from there (18) . In contrast, Pol is a proficient extender of nucleotides inserted opposite an AP site, but it is highly inefficient at inserting a nucleotide opposite the AP site, and therefore it requires Rev1 or another Pol for the insertion reaction (18) . Because the yeast-replicative Pols predominantly insert an A opposite the AP site (ref. 18 and data not shown) and because an A is the predominant nucleotide inserted in TLS during replication, we surmise that, during replication, the A nucleotide is inserted opposite the AP site by the replicative Pol and is then extended by Pol. We suggest that the different nucleotide-insertion patterns seen during the replicative versus the nonreplicative modes of synthesis reflect the underlying dissimilarities in the TLS mechanisms that operate during these cellular processes. The predominance of an A insertion during replication could result if the action of the replicative Pol were somehow coordinated with that of the TLS Pol so that the nucleotide inserted opposite the AP site by the replicative Pol is efficiently extended by Pol. In contrast, TLS on a gapped or single-stranded plasmid may lack such a coordination and, hence, the requirement of Rev1 DNA Pol activity for C insertion opposite the AP site.
In summary, all our observations-the similar genetic control of TLS on the two DNA strands, including the requirement of PCNA ubiquitination and the predominance of an A insertionlead us to suggest that, during replication, similar TLS mechanisms operate on the two DNA strands and that on both of the DNA strands the action of the TLS Pol is coordinated with that of the replicative Pol. Such a coordination of activity could provide not only for a more efficient way to replicate through the DNA lesion, but it also would avoid the possibility of nicking the ssDNA template opposite from the gap in the newly synthesized DNA, which could be the case if TLS were to occur by ''postreplicative'' gap filling, as was suggested previously (34) .
Lastly, our observation that Pol32 is as indispensable for TLS on both DNA strands as Pol raises questions about the possible role of Pol32 in TLS. Because Pol32 is a subunit of Pol␦, its requirement for TLS has been thought to result from a role in promoting the assembly of Pol with Pol␦ (39) . However, because recent evidence suggests that during replication Pol functions on the leading strand (40) , synthesis by Pol␦ could be limited to the lagging strand. In that case, the requirement of Pol32 on both DNA strands might result from a more general role of this Pol␦ subunit in TLS.
Materials and Methods
Yeast Strains. The apn1⌬ apn2⌬ msh2⌬ strain was constructed from EMY74.7 (MATa his3⌬-1 leu2-3,-112, trp1⌬ ura3-52) , and the various genomic-deletion and other mutations were introduced into the apn1⌬ apn2⌬ msh2⌬ strain.
Plasmid Construction. Double-stranded, closed circular monoadducted plasmids were generated by using the gapped-duplex method (41) , which utilized two similar linear DNAs that when hybridized resulted in a circular duplex containing a nick in one strand and a small gap in the other strand, in which a short oligonucleotide containing the lesion could be annealed (Fig. 1 A) . Ligation of the nicked DNA strand and of the lesion-containing oligonucleotide resulted in a closed circular DNA containing a single lesion at a specific site. We generated two pairs of precursor plasmids, pVP9 and pVP10, and pVP15 and pVP16 that allowed for a lesion-containing oligonucleotide to be ligated into either the leading or the lagging strand of the resultant heteroduplex (Fig. 2) .
Plasmids pVP9, pVP10, pVP15, and pVP16 were generated as follows: All plasmids were derived from YCplac133 (42) , which carried the yeast URA3 gene, an ARS1 origin of replication, and the centromeric CEN4 region. The SpeI restriction site located in the CEN4 region was removed by digestion with SpeI, followed by filling in the overhang and religation. The TRP1 gene was cloned into the multicloning site.
To generate a region in which a modified oligonucleotide could be annealed in either the leading or the lagging strand of the vectors, a 31-bp duplex DNA containing the sequence 5Ј-GGA TCC CGT ACT AGT TGC TTC CTG CAG TCC C-3Ј (see pVP9 in Fig. 2 ) or the sequence 5Ј-TCT GCA GGA AGC AAC TAG TAC GGG ATC CCC A-3Ј (see pVP10 in Fig. 2 ) was introduced next to the ATG initiation codon at the 5Ј end of the URA3 gene by PCR mutagenesis, generating the URA3 lead and the URA3 lag genetic markers, respectively (Fig. 2) . These modified ura3 genes were inactive because of the presence of a plus 1 frameshift in the 31-bp insert. To determine that the introduction of the insert did not alter URA3 function, we verified that plasmids carrying the 30-nt insert without the plus 1 frameshift were able to complement the ura3-52 mutation.
Monoadducted heteroduplex plasmids were generated as follows: Plasmids pVP9 and pVP10 were digested with BamHI and PstI (Fig. 1 A) , and the vector portion was separated from the 25-bp insert by centrifugation in a YM-30 microcon filter unit (Millipore). The trp1 counterparts pVP15 and pVP16, respectively, were digested with BbrPI; 25 g each of linearized pVP9 and pVP15 or pVP10 and pVP16 were mixed in a final volume of 5 ml of 1X GM buffer [10 mM Tris (pH 7.5), 10 mM NaCl, and 1 mM EDTA]. The DNAs were denaturated in boiling water for 3 min with constant shaking and rapidly chilled on ice. After the addition of 40 l of 5 M NaCl to reach a final concentration of 50 mM, the mixtures were incubated for 2 h at 55°C and slowly cooled to room temperature to allow the annealing of the ssDNA molecules, leading to the formation of the gapped-duplex structures (Fig. 1 A) . The pVP9/15 and pVP10/16 gap duplexes contained a 17-nt gap in which a 16mer oligonucleotide 5Ј-GGAAGCAATXGTACGG-3Ј, where X denoted a tetrahydrofurane-type AP site, was ligated (Fig. 1B) . The 16mer oligonucleotide sequence was in frame with the URA3 gene, leading to a Ura3 plus phenotype, and thus could be distinguished from the nonlesion-containing strand, which was Ura3 minus because of the plus 1 frameshift (Fig. 2) . The 16mer oligonucleotide was PAGE-purified, and 12 pmol was added to the gapped duplex, along with 10 mM MgCl 2 and 10 mM DTT. After incubation at 65°C for 2 min, 50 l of 0.1 M ATP and 25 l of 10 mg/ml BSA were added, and the mixtures were shifted to 16°C before the addition of 2,000 units of T4 DNA ligase (NEB). Ligation was carried out for 3 min, and the closed circular plasmid was purified by centrifugation in a CsCl/ethidium bromide gradient. The resulting pVP9/15 and pVP10/16 plasmids contained the AP site in the leading versus the lagging strand, respectively (Fig. 2) , and the AP site was located 500 bp downstream of ARS1 (Fig. 1B) .
